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I3 ABSTRACT
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pentobarbital anesthesia following the administration of E. coli endotoxin.
My'ocardial substrate utilization under control conditions, at two hours, and again at
three to four hours following endotoxin administration were compared. At both periods
following endotoxin mean arterial blood pressure, heart rate, and arterial pH were
decreased while myocardial blood flow did not change. Arterial lactate increased
greatly, FFA did not change, glucose and 02 decreased. Myocardial uptake and
oxidation of FFA were greatly diminished and lactate uptake markedly elevated both
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energy utilization of the myocardium was derived from FFA, and about 30% from lactate,
following the administration of endotoxin the contribution of FFA to myocardial energy
utilization was greatly diminished and that of lactate was elevated. Thus a shift in
utilization of substrates was observed favoring lactate and diminishing the
contribution of FFA. These findings were similar to the changes in substrate
utilization that were observed previously during experimentally produced hemorrhagic
hypot ens ion.
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U
Changes of myocardial substrate utilization have been studied in

dogs under pentobarbital anesthesia following the administration of

E. coli endotoxin. Myocardial substrate utilization under control

conditions, at two hours, and again at three to four hours following

endotoxin administration were compared. At both periods following

endotoxin mean arterial blood pressure, heart rate, and arterial pH

[I were decreased while myocardial blood flow did not change. Arterial

lactate increased greatly, FFA did not change, glucose and 02 decreased.

SMyocardial uptake and oxidation of FFA were greatly diminished and

lactate uptake markedly elevated both periods following endotoxin.

While under control conditions more than 70% of the energy utilization

flof the myocardium was derived from FFA, and about 30% fram lactate,

follwing the administration of endotoxin the contribution of FFA to

n yocardial energy utilization was greatly diminished and that of lactate

was elevated. Thus a shift in utilization of substrates was observed

favoring lactate and diminishing the contribution of FFA. These findings

were similar to the changes in substrate utilization that were observed

previously during experimentally produced hemorrhagic hypotension.

L 1J



I

I Erxbtoxin-produced shock has been widely used as an experimental

model to investigate the hemoxynafiic, and more recently the metabolic

alterations that occur in the course of the clinically important

jJsyndrcse of shock. There is strong evidence that myocardial failure

accxnpanies the final outcome of severe shock (2,4,8,10,11,17,19,20,

U 21). However, it is open to question whether myocardial function,

derangements contribute to the deterioration of the condition,

expecially in the early phases of the syndrome.

It has been demonstrated recently that marked changes in myocardial

substrate utilization may be found quite early following the experimental

production of hemorrhagic hypotension (23). There are indications that

similar alterations of myocardial metabolism are also present in animals

following endotoxin administration (18). Therefore it was of interest

H to investigate alterations of myocardial substrate utilization in the

course of endotoxic shock and correlate them with the time course of

jf the functional derangements of myocardial performanoe which has been

recently reported by Hinshaw and collaborators (10,11). Thus, the

Ii present studies were undertaken to compare alterations in myocardial

J substrate utilization that occurred early following endotoxin admini-

stration with those that can be demonstrated several hours later.

ATERTIAS AND METHODS

The experiments were performed on six adult mongrel dogs weighing

16.5 to 25.0 kg. The animals were anesthetized by the intravencus

administration of sodium pentcbarbital (30 mg/kg). Following trache-

- ostamy the animals were respired with roca, air provided by a constant-

"volume respirator. -Mean arterial blood pressure (MABP) was measured

.2.
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3 through a catheter introduced into the aorta via one femoral artery.

The other femoral artery was also cannulated for sampling of arterial

I blood. Thoracotamy was performed between the fourth and fifth ribs

U and the pericardium partially cut to facilitate placeent of a cathe-

ter into the coronary sinus via the right jugular vein. A continuous

[ slow saline drip was given in the coronary sinus catheter to kee it

patent. No anticoagulant was administered to the animals.

SA constant infusion of albumin-bound 11 4C-palmitic acid (2 vCi/ml)

ii and 9-10 3H-oleic acid (20 VCi/ml) was given to the animals at the rate

of 0.2 ml/min. At least 60 minutes elapsed between the begirning of

[ ithe labeled FFA infusion and the comtrol blood samples.

Simultaneously drawn control blood samples were taken from the

artery and coronary sinus for metabolite analyses followed by the in-

* travenous administration of an LD9 0 of E. coli endotoxin (0.7 to 1.0

mgA/kg, DIFtO, Detroit). Experimental blood samples were obtained 100-

140' and 170-250' post-endotoxin.

Although the time interval between the two sets of experimental

blood samples was 1-2 hours, the metabolic condition of the anirrals

(with regard to the two major myocardial substrates) was quite stable.

This can be judged by the unchanged arterial FFA concentration, by the

similar arterial lactate concentration between the two experimental

samples (Table 2) and also by the absence of a significant change in

arterial FFA specific activity between the two samples (i.e. mean art.

FFA SA of the first post-endotoxic sample = 2312 ± 821 dWm/umole, and

the change between the two arterial samples = 323 ± 233).

All blood samples were analyzed for the concentration of FFA (5),

lactate (12), glucose (16), and 02 and CO2 concentrations (24). In



i aition, the 14C02 content of each blood sanple was also estimated

(15) as were the 14C and 3H labeled FFA (6). In the arterial blood

hematocrit and PH were also determined. Myocardial blood flow was

U measured by the I13 1antipyrine method of Krasnrw, et al (13).

The results are expressed as mean + SE for the control sanples

of all animals and as the mean change ± SE for all animals during

each of the two time periods investigated following endotoxin admini-

II stration.

fi All calculations were based on the assumption that labeled and

unlabeled fatty acids are metabolized in the same way by the myocardium

[1 and that different individual fatty acids comprise a single pool with

respect to uptake and release. The information presented in the tables

•i was obtained by using the following equations (14).

_! The extraction of labeled FFA (E%), expressed as percent of the

arterial level, was computed as follows:

E% = arterial radioactivity - vencus radioactivity X 100

arterial radioactivity

Myocardial FFA uptake was calculated as follows:

FFA uptake (fiales/min) =
labeled FFA - labeled FFAv X plasma flow

labeled FFAa SA

The rate of FA oxidation to CD- was estimated by the following

equation:

FFA oxidation ( moles/min) =

14CO2v - 14C02a x plasma flow

14C SA FFAa 1 - (Hct/100)

If
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FTA flux was detenmined by the nethod of Armstrong et al (1):

infused 14C radioactivity (dpmin)
PTA flux (Wwle/min) =H 14C SA FFAa

Radioactivity is expressed in disintegrations per minute per milli-

liter. Subscripts a and v represent arterial or venous blood.

RESULTS

The henmdynamic charges following endotoxin administration are

indicated in Table 1. It may be seen that mean arterial blood pressure

decreased b' about 50% at the earlier time period and fell even further

latex on. Heart rate decreased, but to a lesser degree than pressure.

Myocardial blood flow decreased on the average, however the changes

were not significant. Arterial blood PH decreased significantly at

both time. Hematocrit remained unchanged.

Alterations in arterial metabolite concentrations and FFA flux

following endotoxin administration are shown, in Table 2. FFA concen-

tration did not change throughout the experiments. Blood lactate was

about equally increased at the earlier and at the later time of sanpling.

Arterial glucose decreased progressively in the course of the experi-

ments. Arterial oxygen concentration shcwed a slight decrease in the

later phase of the experiments. The decrease in FFA flux was not con-

sistant enough to reach statistical significance.

Changes in myocardial FFA and 02 metabolism are illustrated in

Table 3. The fraction of arterial FFA that was removed through one

passage is indicated under the heading of FFA extraction. Both of the

labeled fatty acids were extracted by the nyocardium to the same extent.

Following endotoxin administration, extraction of both isotopes was



fi diminished. Although the extraction of 1 is depressed more than

that of 3H, these differences are not significant. Both FFA uptake

and oxidaticn diminished markedly following endctoxin administration.

Myocardial PQ increased significantly during the first, and slhwed

an average increase at the second sampling tire wlidh houever was

not statistically significant, although 5 cf 6 arimals exhibited an

increase in this parameter. Myocardial oxygen uptake decreased sig-

nificantly during both sampling periods.

Changes in arterial lactate concentration and myocardial lactate

• extraction and uptake are shown in Table 4. Arterial lactate concen-

tration increased fro 1.3 imples/rl to close to 5 nmoles/ml. Thirty-

eight percent of the arterial lactate was extracted under control

conditions. This value decreased markedly following endotoxin

administration. Myocardial lactate uptake increased considerably

during both experimental periods.

It may be calculated that during the contrcl phase of the experi-

ments, 76% of the myocardial OD2 production is accou.ted for by FFA

oxidation and about 30% by lactate utilization (Table 5). These figures

were markedly altered during endotoxin shock, indicating that FFA cor-

tributed to a lesser degree and lactate to a nuch greater extent to the

nyocardial energy metabolism than during the contrcl period. These data

and the rethod of calculation used in obtaining the values are shown in

Table 5.

DISCUSSION

The possible role of the heart in the progression of irreversible

shock is still debated. Hinshaw and collaborators (7,9) using a similar

shock Prodel to the one employed in these studies, although utilizing the
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isolated working heart preparation, have nm-1: been able to demonstrate

any functional alteration of the myocardium in the first 3-4 hours

Sfollowing the administration of endotoxin, but observed consistant

signs of nyocardial failure 4-6 hours following the insult. There-

1 ifore, it is of great interest to note that alterations in nyocardial

substrate utilization have been demonstrated several hours prior to

I signs of functional derangements (10,11) and that theses alterations

ti persist for a number of hours.

The major changes in myocardial substrate utilization following

endotoxin administration oonsisted of a depressed FFA oxidation and an

increased utilization of lactate. These changes are quite similar to

those observed following hemorrhagic hypotension (23). It is not clear

* -at this time, what is the full physiological impact of this shift in

nyocardial substrate utilization. As pointed out previously (23) one

might ascribe some survival value to the shift, or it may simply be a

reflection of a general increase of lactate utilization by the whole

body at a time when lactate influx and turnover greatly increase (i.e.

in the early stages of shock). Such an occurrence would be in accord

with as yet .unpublished data obtained following severe hemorrhage in

dogs.

The present studies indicated no evidence of myocardial hypoxia as

judged by the absence of a diminished lactate utilization following endo-

toxin. A similar conclusion was also drawn in previous studies (18,23).

It may also be noted that the myocardial E% of 02 decreased at least

during the experimental period, again indicating the absence of tissue

hypoxia.

Although cardiac output was not estima ted in the present studies,
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it is likely that cardiac output was decreased along with the dimin-

.1ished MM. Since the latter parameter decreased by almost 50% and

by 30% at the two time periods of the study, and the myocardial 02

consu•ption was decreased by only 22%, it seems that the efficiency

of the myocardium, was diminished following endotoxin administration.

A similar conclusion was reached in previous studies involving endoto-

xin insult (18).

It is not evident from these studies whether the shift of substrate

utilization is a direct response of the heart ot endotoxemia or it is

related secondarily to the elevated arterial lactate concentration. The

latter alternative appears to be the favored one at this time, sine

similar metabolic alterations are also observed in other shock models

(22,23) as well as after the administration of Na-lactate in control

dogs (unpublished observations). At this time one can only speculate

about the physiological significance of the preference shown by the mvo-

cardium to utilize lactate over FFA, which is similar to the preference

exhibited by the myocardium of control dogs for ketone bodies over FFA

(14).

The most significant finding of the present studies is the shift

of myocardial substrate utilization following the onset of shock which

precedes any functional deterioration of the myocardium by several hours.

Whether this metabolic change contributes to the transition to subsecuent

irreversibility of the condition remains to be further investigated.



IJ
1. Armestrog, D.T., R. Steele, N. Altszuler, A. Dunn, J. S. Bishop,

and R. C. DeBodo. Regulation of plasma free fatty acid turnover.

Am. J. Physiol. 201:9-15, 1961.

2. Bell, H., and A. Thal. The peculiar hemodynamics of septic shock.

Post. Grad. Med. 48:106-114, 1970.

3. Cowley, A.W., J.C. Scott aZd J. 1.Spitzer. Myocardial Fe A metabo-

lism during coronary infusion of norepinephrine in conscious dogs.

Am. J. Physiol. 217:511-517, 1969.

4. Crowell, J.W., and A.C. Guyton. Evidence favoring a cardiac mecha-

nism in irreversible hemorrhagic shock. Am. J. Physiol. 201:693-

896, 1961.

5. Dole, V.P. and H. Meinertz. Microdetermination of long-chain fatty

acids in plasma and tissues. J. Biol. Chem. 235:2595-2599, 1960.

6. Gold, M., and J.J. Spitzer. Metabolism of free fatty acids by

myocardium and kidney. Am. J. Physiol. 206:153-158, 1964.

7. Hinshaw, L.B., L. T. Archer, L.J. Greenfield and C.A. Guenter.

Effects of endotoxin on myocardial henrdynamics, performance and

metabolism. Am. J. Physiol. 221:504-510, 1971.

8. Hinshaw, L.B., L.J. Greenfield, L.T. Archer, and C.A. Guenter.

Effects of endotoxin on myocardial hemodynamics, performance and

metabolism during beta adrenergic blockade. Proc. Soc. Exptl. Biol.

Med. 137:1217-1224, 1971.

9. Hinshaw, L.B., L. T. Archer, L.J. Greenfield, J.A. Miller, and C.A.

Guenter. Effect of endotoxin on myocardial performance. J. Trauma

12:1056-1062, 1972.

10. Hinshaw, L.B., L. J. Greenvield, S.E. Owen, L.T. Archer, and C.A.

Guenter. Precipitation of cardiac failure in endotoxin shock.



I
Surg. Gynec. Obstet. 135:39-48, 1972.

11. Hinshaw, L.B., L.T. Archer, M.R. Black, L.J. Greenfield, and C.A.

1 Guenter. Prevention and reversal of myocardial failure in erniotoxin

shock. Surg. Gynec. Cbstet. 136:1-11, 1972.

12. Hohorst, H.J. L-(+)-lactate detenrination with lactic dehydrogenase

and DPN. In: Methods of Enzymatic Analysis, edited by H.V. Bergmeyer,

N.Y.: Academic, 1963.

I 13. Krasnow, N., H.J. Levine, R.J. Wagman and R. Gorlin. Coronary blood

flow measured by I13 1iodo-antipyrine. Circulation Res. 12:58-62,

'.1 1963.

14. Little, J.R., M. Goto and J.J. Spitzer. Effect of ketones on meta-

bolism of FFA by dog myocardium. and skeletal muscle in vivo. Am. J.

I 4 Physiol. 219:1458-1463, 1970.

15. Passman, J.M., N.S. Radin, and J.A.D. Cooper. Liquid scintillation

technique for measuring carbon-14 dioxide activity. Anal. Chem.

28:484-486, 1956.

16. Saifer, A., and S. Gerstenfeld. The photometric microdetermination

of blood glucose with glucose oxidase. J. Lab. Clin. 51:448-460,

1958.

17. Sarnoff, S.J., R.B. Case, P.E. Waithe, and J.P. Isaacs. Insufficient

coronazy flow and myocardial failure as a complicating factor in late

hemorrhagic shock. Am. J. Physiol. 176:439-444, 1954.

18. Scott, J.C., J.T. Weng, and J. J. Spitzer. Myocardial metabolism

duirng ndotoxic shock. In: Neurohumoral and Metabolic Aspects of

Injury, edited by A.G.B. Kovach, H.B. Stoner and J.J. Spitzer, N.Y.:

Plenun, 1973, pp. 375-386.



19. Siegel, J.H., M. Greenspan, and L.R.M. DelGuercio. Abnormal

vascular tone, defective oxygen transport and myocardial failure

II in human septic shock. Ann. Surg. 165:504-517, 1967.

20. Siegel, H.W. and S.E. Downing. Contributions of coronary perfusion

iipressure, metabolic acidosis and adrenergic factors to the reduction

of myocardial comtractility during hemorrhagic shock in the cat.
I]

Circ. Res. 23:875-889, 1970.

L 21. Solis, R.T., and S.E. Downing. Effects of E. coli endotoxemia on

ventricular performance. Am. J. Physiol. 211:307-313, 1966.

{J 22. Spitzer, J.J. Myocardial metabolism during acute shock induced by

hemorrhage, endotoxin or physostigmine infusion. Recent Advances

in Studies on Cardiac Structure and Metabolism. Vol. 3, 1973, in

23. Spitzer, J.J. and J.A. Spitzer. Myocardial metabolism in dogs

[ during hemorrhagic shock. Am. J. Physiol. 222:101-105, 1972.

24. Van Slyke, D.D. and J. M. Neill. Determination of gases in blood

and other solutions by vacuum extraction and manometric measurement.

J. Biol. Chem. 61:523-573, 1924.
JJ

f11



"H C'l HI *I .

H1 1 1 + +1 +1

Ln ~ ~ Ho%

~0N

E-1 ( 1 - H

+ + +

Co Ln

L0 N I

0 +1 +1 +1 + +.

HN H W 0
N ~ ID +w

C>1

e44H

..-



P-40 N o in c

*0I *0 0 0 0CJ
p- +1 M+I '+1 +1 0+1 u-4 +1+ -

m r-

+ 1 +1 +1 co+

c'qa -~

'3A



N 0 00 ko C)~

4) + 4.+ +1 +.) +1 LA(N (N tA mn N, 0i +1 +1

(NJ r-4 Ic

OD a 04 qw 0 0 U)

+1 +1- +1 +1 +1 +1- +1)
M Ho C) 0 %0 0) N

.*n 
t , ~

Hý H H H4 0 H

CH H I 0

%D LA H- LA C

C4 4 8

N0+
+ 0+ 1 1 c

- dP

0

Lo I



oc
%0 %D L 0

CD M +k I- +1 n+

o cn

otv +1 f-I +1 co+

HI + t



Ln ,-4 C14

I+1 +

r, I1 m

6-4 1+

0 tn m

r-4

to' x

).4 8

E-4'

N4tX


